Identification of rare genetic variants in patients with intellectual disability (ID) has been greatly accelerated by advances in next generation sequencing technologies. However, due to small numbers of patients, the complete phenotypic spectrum associated with pathogenic variants in single genes is still emerging. Among these genes is ZBTB18 (ZNF238), which is deleted in patients with 1q43q44 microdeletions who typically present with ID, microcephaly, corpus callosum (CC) abnormalities, and seizures. Here we provide additional evidence for haploinsufficiency or dysfunction of the ZBTB18 gene as the cause of ID in five unrelated patients with variable syndromic features who underwent whole exome sequencing revealing separate de novo pathogenic or likely pathogenic variants in ZBTB18 (two missense alterations and three truncating alterations). The neuroimaging findings in our cohort (CC hypoplasia seen in 4/4 of our patients who underwent MRI) lend further support for ZBTB18 as a critical gene for CC abnormalities. A similar phenotype of microcephaly, CC agenesis, and cerebellar vermis hypoplasia has been reported in mice with central nervous system-specific knockout of Zbtb18. Our five patients, in addition to the previously described cases of de novo ZBTB18 variants, add to knowledge about the phenotypic spectrum associated with ZBTB18 haploinsufficiency/dysfunction.
ZBTB18 (zinc finger and BTB domain-containing protein 18; formerly known as ZNF238) encodes a transcriptional repressor (1) that plays an important role in cortical and cerebellar development. In mice, Zbtb18 deficiency results in defective growth, differentiation, and maturation of cortical and cerebellar neurons (2) (3) (4) , leading to a phenotype of microcephaly, cerebellar vermis hypoplasia, and agenesis of the corpus callosum (CC) (5) .
Emerging evidence suggests that ZBTB18 haploinsufficiency in humans results in a recognizable neurodevelopmental phenotype. ZBTB18 is located on 1q44, and individuals with chromosome 1q43-q44 microdeletions (MIM # 612337) variably have intellectual disability (ID), microcephaly, CC agenesis/ hypogenesis, seizures, facial dysmorphisms (round face, prominent forehead, flat nasal bridge, hypertelorism, epicanthal folds, and malformed low-set ears), growth problems, and other systemic abnormalities (6) . Within this deletion, haploinsufficiency of ZBTB18 may be critical to the development of CC anomalies (6) (7) (8) (9) . To date, only eight patients with ZBTB18 sequence alterations have been described in the published literature ( Table 1 ). The first patient was part of an exome sequencing study of ID (10) . She was a female with severe non-syndromic ID and normal neuroimaging who was found to have a de novo missense alteration, c.1483C>G (p.R495G), in transcript NM_205768.2 [reported as c.1456C>G (p.R486G) based on the non-preferred transcript NM_006352.3]. The authors proposed ZNF238 (ZBTB18) as a candidate gene for ID. The second patient was a female with features overlapping 1q43-q44 microdeletion syndrome except for normal appearance of the CC. Whole exome sequencing (WES) revealed a de novo nonsense variant in ZBTB18, c.397G>T (p.E133*) (11) . The third was part of a cohort with clinical features overlapping Rett syndrome. She presented with severe ID, microcephaly, developmental regression, hand stereotypies, bruxism, screaming spells, abnormal breathing, unremarkable brain MRI, and no growth problems. She was found to have a de novo truncating variant in ZBTB18, c. 583C>T (p.R195*) in transcript NM_205768. 2 (13) .
In this report, we present detailed clinical characteristics of five patients with de novo ZBTB18 sequence alterations (two missense alterations and three truncating alterations), underlying their phenotype of global developmental delay/ID with variable additional features.
Clinical report
Clinical characteristics of the five patients are summarized in Table 1 .
Patient 1
Patient 1 is a 7-year-old boy who was the first child born to a non-consanguineous couple of European ancestry with no notable family history. He was born at term gestation weighing 3799 g (69th centile) with an uncomplicated prenatal and neonatal course. He demonstrated poor head control at 3 months of age, and thereafter he was globally delayed in development. From a motor standpoint, he first rolled after one year, sat with support and combat-crawled after two years, crawled properly at three years of age, walked with support by five years, and could ambulate with a walker at six years. His cognitive abilities are in the severe-to-profound ID range. He has no spoken words but is learning to use an assistive communication device that provides picture choices. On general examination at 7 years, he had relative microcephaly (head circumference 50.5 cm, 10th centile) and tall stature (height 136.5 cm, 98th centile). He has multiple minor anomalies including bifid uvula, bilateral single palmar creases, wide-spaced nipples, and cryptorchidism but no significant craniofacial dysmorphism compared to his parents. On neurological examination, he was happy and attentive, maintaining good eye contact. He exhibited stereotyped movements and vocalizations without aggressive behaviors. He did not follow commands. His cranial nerves were intact. He had truncal hypotonia and lower extremity spasticity. With support, he walked with a spastic diplegic gait pattern juxtaposed with ataxia. Electroencephalogram at 8 months of age showed slowing and multifocal spike activity, but repeat study was normal; he has never had clinical seizures. Brain MRI at 44 months showed global hypoplasia of CC and hypoplasia of inferior cerebellar vermis ( Fig. 1 ). These findings were overall stable compared to a prior MRI at 9 months, which was notable for delayed myelination. Workup prior to WES was overall unremarkable and included karyotype, Fragile X trinucleotide repeat analysis, X-linked ID sequencing panel (81 genes, Ambry Genetics), and biochemical testing for a wide range of inborn errors of metabolism. Chromosomal microarray showed a 507 kb duplication on chromosome 12p11.23 that was subsequently determined to be inherited from his phenotypically normal father and thus interpreted to be likely benign. This patient was included with limited clinical information in the series published by Srivastava et al. (14) .
Patient 2
Patient 2 is a 3-year-old boy who was the second child born to parents of European ancestry. He was delivered at 39 weeks of gestation without prenatal or neonatal complications. His birth weight was 3685 g (76th centile). His main issue has been developmental delay. He sat at 9 months, crawled at 11 months, and walked at 24 months. At 3 years of age, he can go up and down stairs. He has some word approximations, but they are inconsistent. He has a few signs but mostly gestures and points. He is able to follow one step commands. He gets frustrated with his inability to communicate at times. Medically, his only concern has been strabismus that was surgically corrected. At 3 years of age, his weight was 12.7 kg (10th-25th centile), height was 90.5 cm (10th centile), and head circumference was 47.5 cm (10th centile). On examination, he was happy, interactive, attentive, and maintained good eye contact. His cranial nerves were intact. He had truncal hypotonia. Brain MRI at 19 months was remarkable for hypoplasia of the posterior part of the CC (Fig. 1) . Workup prior to WES was unremarkable and included a normal karyotype, chromosome microarray, Prader-Willi methylation analysis, and Fragile X trinucleotide repeat analysis.
Patient 3
Patient 3 is a 4-year-old boy of Mexican ancestry who was born at 38 weeks after a pregnancy that was uncomplicated aside from pre-eclampsia near delivery. His birth parameters included a weight of 2600 g (10th centile) and length 45.7 cm (6th centile). He had one febrile seizure as an infant. He has a history of truncal hypotonia and strabismus. He communicates using signs and can put 2-3 signs together in a sentence. He follows simple commands, smiles, and makes eye contact. He occasionally screams for no reason, lasting 30 minutes about twice a day but is otherwise pleasant and active. He walked after 2 years but has ataxia and tends to trip often. At 4 years, his height was 98 cm (12th centile), weight was 13.15 kg (2nd centile), and head circumference was 47 cm (<1st centile, 50th centile for a 16-month-old). Dysmorphic features include downslanting palpebral fissures, flaring of the medial eyebrows, bulbous nasal tip, thin upper lip, flattened philtrum, and bilateral 2-3 toe syndactyly. Brain MRI at age 47 months revealed hypoplasia of posterior part of CC and mild enlargement of the posterior horn of the left lateral ventricle (Fig. 1) . Fragile X trinucleotide repeat analysis, chromosomal microarray, and thyroid studies prior to WES were all normal.
Patient 4
Patient 4 is a 37-year-old man, born after a normal pregnancy of healthy non-related Caucasian parents. He has a healthy older brother. His birth parameters included a weight of 3680 g (59th centile) and length of 49 cm (17th centile). Breastfeeding was normal. His development was delayed; he sat at one year and walked at 2 years. Speech is almost absent; he has only four words. However, he communicates well with over 200 signs, which he can put together into short sentences. He learned to ride a bicycle at 15 years of age, and he is a better cross country skier than his parents. He is generally happy and social, without stereotypies or behavioral problems. Formal neuropsychological testing indicated severe ID. Despite severe cognitive impairment, he is able to live and function semi-independently with accommodations. He lives by himself in apartment with close follow up by caretakers who assist with activities of daily living such as preparing meals and selecting clothing, though he can feed and dress himself. He has a custom working place, can stay alone for hours at home doing his activities, and can make telephone calls with a simple modified phone and web camera. On clinical examination, he made good eye contact, smiled, and liked to shake hands, something he did repeatedly. He has a coarse face with a prominent maxilla and thick lips, but no overt dysmorphism. Height and head circumference have been within normal range. EEG has been normal, and no cerebral imaging has been performed. Genetic analysis prior to WES was normal, including a chromosomal microarray, Angelman syndrome methylation and copy number analysis, and TCF4 sequencing.
Patient 5
Patient 5 is a 6-year-old boy of African-American ancestry who was born to a non-consanguineous couple with no significant family history. He was born at term gestation with an uncomplicated prenatal course. His birth weight was 3969 g (80th centile), and there were no neonatal complications. His motor milestones were not delayed; he sat at 6 months, crawled at 10 months, and began walking independently at 14 months. However, he had significant language delay in that he did not speak his first words until 2 years and did not put together 2-3 word sentences until 3 years. He was diagnosed with epilepsy close to 3 years of age, when he developed both focal motor seizures without impairment of consciousness as well as focal seizures with impairment of consciousness. His EEGs have shown multifocal epileptiform activity (spikes and sharp waves). Since initiation of levetiracetam, his seizures have been fairly well controlled. Neuropsychological testing at 5 years revealed variable performance on the Differential Ability Scales-II, with average range verbal reasoning skills (standard score 99) and non-verbal reasoning skills (standard score 94), but extremely low range spatial reasoning skills (standard score 60), placing his overall cognitive ability in the low average range (standard score 80). At 6 years, his height was 122 cm (85th centile), weight was 20.6 kg (42nd centile), and head circumference was 50 cm (10th centile). On neurologic exam, he was alert, playful, interactive, and able to speak in multi-word sentences, though his speech was slightly dysarthric and the content seemed immature for age. His cranial nerves were intact. He had generalized hypotonia. His reflexes and sensation were normal. He was able to run well and could hop on each foot, but he was clumsier doing so on the right. Dysmorphic features include small, low-set ears and narrow palate with crowded teeth. Brain MRI at 37 months showed mild global hypoplasia of the CC (Fig. 1) . Workup prior to WES was normal including chromosomal microarray and Fragile X trinucleotide repeat analysis.
Methods
For all patients, WES was performed with trios including the proband and both biological parents on genomic DNA isolated from blood, and diagnostically relevant variants were confirmed by dideoxy sequencing. Maternity and paternity were confirmed as part of quality control. For patients 1 and 3, WES was performed by Ambry Genetics Laboratory. Samples were prepared using the SureSelect Target Enrichment System (Agilent Technologies, Santa Clara, CA) and the xGen Exome Research Panel (Integrated DNA Technologies, Coralville, IA), respectively, and sequenced on the Illumina HiSeq or NextSeq (Illumina, San Diego, CA). Data annotation and interpretation were performed as previously reported (15) . For patients 2 and 5, WES was performed at GeneDx Laboratory with methods as previously reported (16) . For patient 4, DNA samples were prepared with Nextera Rapid Capture Exome Kit and sequenced on Illumina NextSeq 500 (Illumina). The variants were annotated with Cartagenia Bench Lab, NGS module. The analysis was performed diagnostically by Centre for Medical Genetics and Molecular Medicine, Haukeland University Hospital, Norway. Informed consent was obtained from all patients and family members undergoing sequencing. Diagnostically relevant variants were deposited into publicly available databases, namely ClinVar (http://www.ncbi.nlm.nih .gov/clinvar/) for patients 1-3 and 5, and DECIPHER (https://decipher.sanger.ac.uk/) for patient 4. Available brain MRI studies were retrospectively reviewed for morphological abnormalities of the corpus callosum, which has been classified according to Hanna et al. (17) .
The patient cohort was assembled with the assistance of GeneMatcher, which is an online tool that facilitates connections among clinicians and investigators with shared interest in a gene (18) . This study was approved by the Johns Hopkins Medicine Institutional Review Board (protocol number IRB00103185).
Results
The genotypes and analysis of the variants are presented in Fig. 2 . All sequence variants are described in reference to RefSeq transcript NM_205768.2.
In patients 1 and 4, WES independently identified heterozygous de novo missense variants in ZBTB18, c.1382A>G (p.N461S) and c.1390C>T (p.R464C), respectively. Both of these alterations affect evolutionarily conserved amino acids in the third zinc finger domain and are predicted to be deleterious by multiple in silico algorithms (Fig. 2) . Both missense variants are absent from ExAC (http://exac.broadinstitute.org) and are classified as likely pathogenic based on ACMG guidelines (19) .
In the three other patients, WES independently identified heterozygous de novo truncating ZBTB18 variants: a frameshift alteration c.943_944delAG (p.R315Gfs*4) in patient 2, a nonsense alteration c.1183C>T (p.Q395*) CC abnormalities (CCAs) were evident in all four patients who underwent neuroimaging (Fig. 1) . Patient 1 had global CC hypoplasia. Patients 2 and 3 had hypoplasia of the posterior part of the CC (apple core CCA). In addition to mild global CC hypoplasia in patient 5, there was a small protuberance within the superior part of the middle-posterior CC, which could represent CC dysplasia.
Discussion
We report on five patients with global developmental delay/ID with de novo variants in ZBTB18 identified through WES. The frequency of ZBTB18 alterations in ID is not known. Two of the patients in our cohort (patients 1 and 5) were ascertained from the same clinic at Kennedy Krieger Institute, where approximately 300 patients with neurodevelopmental disorders have undergone clinical WES over a 4-year-period. The five DDD patients were ascertained from a cohort of 4293 patients with ID. An analysis of 188 patients with ID undergoing multiplex targeted sequencing that included ZBTB18 identified a patient with a truncating alteration c.1118del (p.S373Tfs*26), though parental samples were not available to determine if the variant was de novo or inherited (Ambry Genetics Laboratory, manuscript in preparation; ClinVar submission accession number SCV000267599.1). This patient's clinical features included severe ID, normal head circumference and growth parameters, and absence of dysmorphic features and congenital anomalies (Table 1) . Additionally, ClinVar contains one entry of a patient with a de novo ZBTB18 missense variant c.160 T > C (p.C54R), which is located in the BTB/POZ domain; limited clinical details available for this patient include moderate ID, microcephaly, and abnormal face shape (ClinVar submission accession number SCV000265569.1). Including these unpublished cases brings the total to 15 patients with likely pathogenic ZBTB18 sequence alterations in the published literature and/or publicly available databases.
Phenotype of patients with ZBTB18 variants
Global developmental delay/ID is present in all 15 patients. Among the patients in our cohort, patient 5 had notably higher functioning compared to the others, with overall low average cognitive abilities; his variant was a nonsense alteration, so it does not appear that null variants are associated with more severe phenotype compared to missense variants. Head circumference is reduced in over half of the patients, with six (40%) having absolute microcephaly and two (13%) having relative microcephaly. A minority of patients have short stature (1/14, 7%) and/or failure to thrive (2/13, 15%). Craniofacial dysmorphism and/or minor anomalies are present in approximately half of patients, though there is no consistent pattern. Importantly, detailed clinical descriptions are not available for the DDD and unpublished ClinVar patients, so it is possible that additional features are present in some of those patients.
The neuroimaging findings in our patient cohort demonstrate that ZBTB18 haploinsufficiency or dysfunction in humans may result in structural brain abnormalities similar to those seen in animal models. Mice with ubiquitous deletion of Zbtb18 have evidence of disrupted neocortical and hippocampal formation and die at birth (4) . Meanwhile, mice with neural-specific knockout of Zbtb18 survive to around 3 weeks and demonstrate microcephaly, cerebellar vermis hypoplasia, agenesis of the CC, and cerebral cortical dysplasia (5). All four of the patients in our cohort with neuroimaging had CC hypoplasia of varying degrees, and patient 1 additionally had hypoplasia of the inferior cerebellar vermis. This is in contrast to the three previously published cases with de novo ZBTB18 variants who had normal neuroimaging (patients 6-8), though it is possible that these patients could have microstructural differences not evident on MRI. Patient 4 in our cohort did not undergo neuroimaging, and neuroimaging information is not known for patients 9-15.
Insight into 1q43q44 microdeletion syndrome
The range of clinical findings among patients with ZBTB18 variants adds to knowledge about genotype/phenotype correlations among the critical genes in the 1q43q44 microdeletion syndrome. Deletions of 1q43q44 have been reported in more than 100 individuals in the published literature, ranging in size from 80 kb to over 6 Mb. All reported deletions have different breakpoints and many do not overlap. Multiple author groups have published analyses of smallest regions of overlap in attempt to identify genes that may contribute to key clinical features (6, 7, 9, (20) (21) (22) (23) (24) , although importantly incomplete penetrance and variable expressivity have been shown for most of the features associated with 1q43q44 microdeletion syndrome. There is general agreement that the three most important genes are AKT3, ZBTB18, and HNRNPU, which lie within an interval approximately 1.5 Mb in size mapping from approximately 243.5 Mb to 245 Mb based on human genome assembly GRCh37/hg19. AKT3, ZBTB18, and HNRNPU are known to be important in neurodevelopment, and haploinsufficiency/dysfunction of each of these three genes alone has been documented to cause neurodevelopmental disorders. Among patients with 1q43q44 deletions, AKT3 has been proposed as a critical gene for microcephaly, ZBTB18 as a critical gene for CCA, and HNRNPU as a critical gene for seizures. Ballif et al. (6) found that approximately 90% of cases conform to this model. The neuroimaging findings in our cohort lend further support for ZBTB18 as a critical gene for CCA and affirm that there is reduced penetrance for this feature, since CCAs were not seen in three previously published patients with ZBTB18 variants who had neuroimaging (patients 6-8).
The clinical finding of microcephaly in three of eight patients with ZBTB18 variants demonstrates that haploinsufficiency/dysfunction of ZBTB18 alone can cause microcephaly in some patients. Rather than a one-to-one correlation between a single gene and a specific clinical feature, it is evident that multiple genes contribute to the variable phenotype seen in patients with 1q43q44 deletion syndrome.
Pathogenic mechanisms of ZBTB18 variants
ZBTB18 encodes a C2H2-type zinc finger protein that acts as a transcriptional repressor (1) . The preferred transcript NM_205678.2 encodes the longest protein isoform, NP_991331.1, which is 531 amino acids and is characterized by an N-terminal BTB/POZ domain that mediates protein-protein interactions and four zinc fingers (Zn1-4) at the C-terminus that mediate protein binding to regulatory sites within promoters. ZBTB18 has two exons, although only 13 nucleotides from the first exon are coding.
ZBTB18 has been found to be highly intolerant to variation. Based on the allele frequencies from the NHLBI-ESP6500 data set, ZBTB18 has a Residual Variation Intolerance Score (RVIS) of −0.78 and is amongst the 12.77% most intolerant of human genes [(25); http:// genic-intolerance.org/]. In fact, using the larger ExAC data set, the RVIS for ZBTB18 indicates that it is amongst the 6.17% most intolerant of human genes. This is in agreement with the ExAC score for the probability of loss-of-function (LoF) intolerance (pLI = 0.97) and the Z-score for missense variants (z = 3.36), which indicate that the ZBTB18 gene is extremely intolerant to genetic variation (26) . In fact, no LoF alterations in ZBTB18 are seen in ExAC.
The pathogenic mechanism of the ZBTB18 frameshift and nonsense variants is most likely haploinsufficiency, since these types of variants are presumed to lead to LoF through protein truncation or nonsense-mediated mRNA decay (NMD). All 10 truncating variants described herein are located in the second and final exon and, therefore, likely escape NMD (27) . However, they all lead to heterozygous loss of the zinc fingers in the ZBTB18 protein, so this could be considered haploinsufficient. Furthermore, because the abnormal transcripts likely will escape NMD, and if they lead to the production of truncated proteins that are not removed due to misfolding, these truncated proteins will remain and could potentially have gain-of-function or dominant-negative effects on the wild-type copies (27) .
The ZBTB18 missense variants are clustered in the third and fourth zinc finger domains (Fig. 2a) . These regions are nearly devoid of missense variation in ExAC. Alterations in a zinc finger domain could disrupt binding of the ZBTB18 transcription factor to its target DNA sequences. Furthermore, mutating the zinc finger could have a dominant-negative effect by rendering the wild-type protein unable to bind DNA because it dimerizes with a mutant protein. There are a number of zinc finger containing transcription factors in which missense variants are linked to developmental disorders.
A very comparable example is ZBTB20, which is located on chromosome 3q13.31 and has a similar structure to ZBTB18 with an N-terminal BTB domain and several zinc fingers in the C-terminus. Haploinsufficiency of ZBTB20 contributes to the phenotype of the 3q13.31 microdeletion syndrome (MIM 615433), which is characterized by ID, postnatal overgrowth, hypotonia, and dysmorphic facial features. Heterozygous missense variants in the zinc finger domains of ZBTB20 cause Primrose syndrome (MIM 259050), which is characterized by a phenotype similar to 3q13.31 microdeletion syndrome but more severe and with additional features of ectopic calcifications, progressive muscle wasting, diabetes, and hearing loss. DNA binding assays demonstrated reduced levels of DNA-bound ZBTB20 and less efficient AFP promoter repression in cells co-expressing the wild-type protein in the presence of each of the missense variants, consistent with the variants having a dominant-negative effect on the wild-type allele (28) .
It is noteworthy that patients 1 and 4, who have missense variants located three amino acids apart in Zn3 (p.N461S and p.R464C, respectively), are affected with the most severe degree of ID compared to a more variable range of ID among the patients with ZBTB18 frameshift and nonsense variants in our cohort. The DNA recognition helix of Cys 2 His 2 (C2H2) zinc finger domains contains invariant Cysteine (C) and Histidine (H) residues (underlined in bold font in Fig. 2d ) that coordinate a zinc molecule essential for binding to specific DNA sequences. Additionally, amino acids in this recognition helix at four standard positions (−1, 2, 3 and 6, shown in Fig. 2d ) around the histidine residues are critical for mediating specific contacts with DNA bases (29, 30) . Interestingly, the most impactful zinc finger missense alterations in ZBTB18 identified in our cohort, p.N461S and p.R464C/H, occur in the 3 and 6 positions respectively, of the DNA specificity residues of Zn3. Engineered variants at these positions have been shown in KRAB-containing zinc fingers to alter the DNA binding amino acid sequence (31) . The p.R495G variant in patient 6 occurs within the di-Histidine motif of Zn4. Although this position is not defined as a specificity residue, the alteration might modulate the DNA binding specificity of the adjacent Zn3 (32) . The difference in the severity of the effects of these alterations can be explained by the importance of the position within the zinc finger domain. Altering the positions that interact with DNA will have a direct effect on protein-DNA interaction whereas altering positions that might modulate the DNA interaction would probably have a less severe effect. This is consistent with the severe-to-profound level of ID in patients 1 and 4 compared to the mild level of ID in patient 6; Patient 13 from the DDD cohort has a missense variant p.R464H that alters the same residue as patient 4, however information on this patient's level of ID in is not known. Functional studies are needed to investigate this hypothesis of a possible dominant-negative effect and determine genotype/phenotype associations for variants in ZBTB18.
Pathogenesis of ID and structural brain abnormalities in patients with ZBTB18 variants Though the pathogenesis of ID secondary to ZBTB18 dysfunction is not directly known, it may be related to the multiple functions of ZBTB18 in brain development, as evident from mouse studies. ZBTB18 is essential for proper growth, differentiation, and migration of cortical neurons. It is highly expressed in the cortex (33) , where it plays an important role in the survival and maturation of cortical neurons by regulating cortical apoptosis and cell-cycle exit of progenitor cells (4) . In addition, ZBTB18 downregulates expression of the neurogenic transcription factors, ngn2 and neuroD1; consequently, its loss interrupts the neurogenic pathway necessary for normal neuronal differentiation (5) . Finally, as a requisite to proper neuronal migration, ZBTB18 mediates multipolar-to-bipolar transition of migrating cortical neurons by inhibiting the transcription factors Ngn2 (3) and Rnd2 (34) , which together form the Ngn2-Rnd2 pathway closely linked to cortical neuron migration (35) .
ZBTB18 is also implicated in cerebellar organization and growth. The presence of ZBTB18 in embryonic granule neuron progenitors is required for normal development of cerebellar architecture, including foliation and lamination, as well as cerebellar growth. Furthermore, ZBTB18 influences proliferation and differentiation of cerebellar glutamatergic and GABAergic neurons by regulating transcription of progenitors to these neuronal populations (2) . Though all of these studies occurred in mice, given the close homology between mouse and human ZBTB18 [pairwise alignment using BLAST (http://blast.ncbi.nlm.nih .gov/Blast.cgi)], these studies suggest several possible contributing factors to ID in humans with ZBTB18 alterations, including, but not limited to, abnormal number, maturity, and migration of cortical and cerebellar neurons.
ZBTB18 is hypothesized to play a role in chromatin assembly and transcriptional repression. Based on molecular biology experiments with bacterial protein expression, ZBTB18 facilitates transcriptional repression through recognition of a specific sequence. Moreover, it associates with condensed chromatin, suggesting it is involved with chromatin organization (1). As discussed above, potential targets of the transcriptional repression of ZBTB18 include many genes involved in neurogenesis. Disruption of the regulatory control of other possible targets of this repressional activity may help explain some of the variability in the phenotype of our patients.
Conclusion
In summary, we present clinical details of five patients with ID who have de novo likely pathogenic ZBTB18 sequence variants, adding to the eight patients previously described in the literature and affirming the causal link between this gene and ID. Moreover, the presence of CCAs in 4/7 of the patients who had neuroimaging provides additional evidence that ZBTB18 is implicated in CC development. It is likely that additional patients will be discovered in the future, adding to knowledge about the clinical spectrum, genotype-phenotype correlations, and frequency of ZBTB18 variants underlying ID and brain development.
